Several techniques were evaluated and used to obtain general information on the nature of sucrose uptake. A simple, rapid method for the estimation of sucrose uptake by leaf tissue of Phaseolu8 vulgaris L., which reduces errors due to the length of the diffusion path and to poor aeration of the tissue, is described. The tissue took up sucrose from a 1 % (wjv) solution at first by a rapid osmotic process into the free space of the t,issue and then by a slower non-osmotic process into the osmotic volume. The rate of non-osmotic uptake, on a fresh weight basis, was independent of the physiological age of the tissue, within certain limits. The rate of non·osmotic uptake was decreased by storage for several days at 5°C in distilled water. The non· osmotic uptake was inhibited by cyanide, azide, 2,4-dinitrophenol, but not by phlorizin. About two· thirds of the sucrose taken up by the tissue over a period of {) hI' could be recovered; smaller proportions could be recovered as reducing sugars or accounted for by respiration.
INTRODUCTION
In experiments on phloem transport and carbohydrate metabolism of leaves, sugar is often supplied to leaves and its subsequent changes within the leaf or plant are examined. In these studies the process by which sugar initially enters the leaf tissue is often neglected, although this process may have a profound effect on subsequent reactions of the sugar. Nelson and Gorham (1957) . for example, applied sugars labelled with carbon-14 to the primary leaves of soybeans and followed the translocation of the carbon-14 to other parts of the plants. As pointed out by Zimmermann (1960) . the rate of sugar uptake from the outside solution could be the limiting factor in this type of experiment. Ward (1960) recognized that the uptake process complicated the kinetics of the transformation of exogenous glucose into sucrose in wheat leaf tissue. Weatherley (1953 Weatherley ( ,1954 Weatherley ( ,1955 and Pennell and Weatherley (1958) examined the uptake by leaf disks of Atropa belladonna of several sugars in solutions ranging in concentration from 5 to 40%. These are the only direct studies of sugar uptake by leaf tissue-a process which is likely to be important in the interpretation of experiments such as those of Nelson and Gorbam (1957) and of Ward (1960) .
Our studies have been restricted to the leaves of Phaseolus vulgaris L. (cv. Brown Beauty) and to the uptake of sucrose, which appears to be the main form in which the products of photosynthesis are transported in the phloem (Zimmermann 1957; Swanson and EI-Shishiny 1958; Weatherley, Peel. and Hill 1959; Kursanov 1963) .
The terms "osmotic volume", "apparent osmotic volume" (A.O.V.), "free space", and "apparent free space" (A.F.S.) will be used with the meanings defined by Briggs and' Robertson (1957) , and the terms "osmotic uptake" and "non-osmotic uptake" with the meanings defined by Bogen (1956). II. GENERAL METHODS . The following ways of introducing sugars into leaf tissue have been reported: (I) floating leaf disks on sugar solutions (Porter and May 1955; Pennell and Weatherley 1958) , (2) infiltrating sugar solutions into whole leaves by evacuation (Krotkov and Bennett 1952) ; and (3) dipping the cut ends of the petioles into sugar solutions (Said and Nada 1949) . All these methods make quantitative studies of sugar uptake very difficult. The main trouble with methods (I) and (3) is the long diffusion path between the solution and the leaf cells; transpiration may also cause difficulty with method (3). Method (2) suffers from the smallness of the volume of solution infiltrated into each leaf and the difficulty of recovering it for analysis (Ward 1960) . In all instances, poor aeration may affect the metabolic activity of the leaf disks and infiltrated leaves. The following method was devised to overcome these difficulties.
Bean plants were grown in the glasshouse or in the garden. Petioles and main veins were removed from the leaves and the remaining tissue cut with a razor-blade into strips 1-2 mm wide and '2-3 cm long. The strips were washed with distilled water and then injected with distilled water under vacuum. If the tissue had to be stored it was kept at 5°C in a large volume of distilled water which was aerated continuously and changed at least once a day.
Leaf strips (2-5 g fresh wt.) were placed in a wide-mouthed bottle of about 500 ml capacity with 15-20 ml of sucrose solution containing 0·2 fLc of randomly labelled 14C-sucrose per millilitre. The tissue was spread evenly around the cylindrical wall of the bottle, to which it adhered by surface tension. The bottle was then sealed and rotated 40 times a minute about its axis, which w~s kept horizontal. A suitable machine was made by mounting a number of tinplate cans around the perimeter of a hardboard wheel, with their axes parallel to that of the wheel; a bottle was placed in each, and the whole wheel assembly was rotated in a vertical plane about its axis. As each bottle revolved, the solution flowed intermittently over the tissue, which was thus exposed alternately to the solution and to air. In hypertonic solutions, and also when traces of grease were present, the tissue tended to fall away from the bottle wall. This was obviated by inserting a wire helix of the same diameter as the bottle after the tissue was in place. The helix ,was made of thin stainless steel wire. From time to time the bottles were opened in a fume cupboard and samples of the solution taken to determine radioactivity. Aliquots of 0·1 ml of the solution were pipetted into counting planchets made by gluing disks of thin rice paper 2 cm in diameter onto disks of aluminium foil with contact latex cement. The activity was counted with an end-window Geiger counter with an overall efficiency of about 4%. All counts were made to a total of 3000. In a typical experiment with 10 samples, each with four replicas, and count rates from 300 to 2000 per minute, the standard deviation within samples was 2 -3 counts/min per 100 counts/min. Under these conditions, with sucrose of constant specific activity (/Lc/mg) and with sucrose concentrations less than 0 '15M, the count rate was proportional to the concentration of sucrose.
All experiments reported in this paper were carried out at 25°0 in dim laboratory light with 1 % (wjv) sucrose solutions. At the end of each experiment the tissue was blotted approximately dry, weighed, and then dried in a vacuum oven at 70°C for about 6 hr. The dried tissue was weighed, powdered, and analysed for total and reducing sugars by the method of Somogyi (1945) as modified by Nicholson (personal commumication) using glucose as a standard; and for total nitrogen by the method of McKenzie and Wallace (1954) as modified by McPhillips and Snow (unpublished data) .
Respiration rates were determined by the standard Warburg technique at 25°C in dim laboratory light with the same ratio of tissue to solution as in the corresponding uptake experiment. The rates of carbon dioxide production and oxygen consumption were the same in laboratory light as in the dark. The total nitrogen content of each sample of tissue was determined at the end of each experiment.
TABLE I

COMl'ARISON OF METHODS FOR SUCROSE ASSAY
Aliquots of 3· 5 g of fresh tissue were allowed to take up sucrose from I5·ml aliquots of radioactive sucrose solution of the stated concentra-t~ons for 6 hr. The final concentration of sugar in the solution was assayed by "the method of Somogyi (1945)'or estimated from the radioactivity After the completion of an experiment, samples of the outside solutions were examined by chromatography on Whatman No.3 MM paper using a solvent containing ethyl acetate, n-propanol, and water in the proportions 57 : 32 : 13 by volume (Wager, unpublished data, quoted by Turner, Turner, and Lee 1957) . The dried papers were developed by the silver nitrate method of Trevelyan, Proctor, and Harrison (1950) , as modified by Arret and Reynolds (1954) . Table 1 shows that the measurements of radioactivity gave a reasonably accurate estimate of the sucrose concentrations of the outside solution. The only sugars found by chromatographic examination of the outside solution were sucrose and a trace of fructose. Material extracted with 70% (w jv) aqueous ethanol from fresh tissue and from tissue that had taken up sucrose contained fructose, glucose, sucrose, and two unknown compounds with mobilities on the chromatograph lower than sucrose. The amounts of fructose, glucose, and sucrose, but not of the unknown compounds, increased during sucrose uptake. Thus, the increase of non-reducing sugar in the tissue gave an accurate estimate of the sucrose accumulated. Of the substances soluble in 70% ethanol, only sucrose, glucose, and fructose accumulated radioactivity. An unknown compound, soluble in 70% ethanol, of lower mobility than sucrose and which did not react -with the silver nitrate reagent, became slightly labelled but did not accumulate during sucrose uptake.
III. PRELDUNARY EXPERIMENTS: RESULTS AND DISCUSSION
The starch content of the tissue was found (by the method of Nielsen and Gleason 1945) to be only 0·3 mgjg fresh weight and not to increase during sucrose uptake. Table 2 shows that the sucrose taken up accumulated mainly in the form of sucrose, to a smaller extent as reducing sugars, and as unknown compounds included in the "balance". Of the sucrose taken up, the proportion which could be recovered as sucrose decreased as the length of the experiment increased. In another experiment leaf disks were allowed to take up sucrose from 5% (wjv) solution for 24 hr and were then transferred to water. For the next 2 days the loss of sucrose from the tissue ,vas equivalent to the amount of carbon dioxide produced.
The respiratory quotient of fresh bean leaf tissue changed from about 0·8 to about 1· 0 when sucrose was supplied to the tissue, indicating that carbohydrate is the sale respiratory substrate of sucrose-fed leaf tissue. On this assumption the loss of sucrose by respiration was calculated as shown in Table 2 and in Figures l(a) , l(b), 2(a), and 2(b).
IV. GENERAL NATURE OF THE UFTAKE AND THE EFFECT OF LEAF AGE
(a) Experimental
Leaves were taken from plants -with four trifoliate leaves visible. On each plant the two lowest trifoliate leaves were fully expanded; the leaf above these was half expanded. The upper leaf was too small to use. The experiment started less than Ii hr after the leaves were picked.
(b) Results and Discussion
The concentration of sucrose in fresh bean leaf tissue was about 1 mg/ml water. It can be seen from Table 3 that sucrose accumulated in the tissue, and that the final concentration of sucrose inside the tissue was greater than the outside concentration. This indicates that the tissue took up sucrose from the solution by a non-osmotic process.
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,.) Figure l(a) shows three phases of uptake: an initial rapid phase which lasted about 1 hr; a linear phase which lasted for 7 hr; and, finally, a phase in which the rate decreased. In another experiment with sucrose solutions of different concentrations, the amount of sucrose taken up by a process peculiar to the initial rapid phase was calculated by the method of Briggs and Robertson (1957) ; the uptake so calculated was proportional to the concentration of sucrose in the outside solution. It may be shown that most of the sucrose taken up during this phase could be washed out of the tissue (Vickery, unpublished data). These observations suggest that the initial rapid uptake is of the osmotic type and is caused by diffusion into the free space of the tissue. The volume of the free space calculated from this uptake was about half the total volume of the tissue.
During the linear phase sucrose was taken up at a constant rate despite large changes in the concentration difference between the inside and the outside of the cells. This suggests that a nonMosmotic mechanism limits the rate of uptake during this phase and that it can be studied without complications from the osmotic uptake. The linearity in this phase also suggests that the many different types of cell in the tissue behave as an approximately"homogeneous system. Possible causes of the decline in the rate of uptake in the third phase will be discussed in a subsequent paper. Table 3 shows that the rate of nonMosmotic uptake of sucrose, when expressed on a fresh weight basis, was the same in tissues from leaves of different ages. The rate of uptake on a nitrogen basis was lower in tissue from half-expanded leaves than Aliquots of fresh tissue from leaves of different ages were allowed to take up sucrose from 1 % (w/v) solutions as described in Figure l . The steady rates of upt,ake were calculated from Figure 1 before inhibitors were added * Inhibitor added as described in Figure 1. in tissue from fully expanded leaves but was the same in tissues from fully expanded leaves of different ages. Since half-expanded leaves of whole soybean plants import products of photosynthesis whereas mature leaves do not (Thaine, Ovenden, and Turner 1959) , it was expected that halfMexpanded leaves would take up sucrose more rapidly than fully expanded leaves, but tbis was not the case. Fully expanded leaves were used in all the later experiments.
V. EFFECT OF WASHnm AND AGING OF LEAF TISSUE ON SUCROSE UPTAKE
(a) Experimental
The experiments reported in this section were done on tissue from the same source, harvested and cut into strips at the same time. The experimental details are given above and in the legend to Figures 2(a) and 2(b) . The tissue remained bright green and turgid for at least 6 days, but by 10 days it had lost.ome colour and had become flaccid; The respiration rates, both in water and in sucrose solutiqns, did not change during the first 6 days of washing but had increased considerably by the tenth day. This rise may have been caused by microbial contamination.
(b) Results and DiscU88ion
Sutcliffe (1952) reported that the rate of uptake of potassium chloride by red beet storage tissues reached a maximum 4-8 days after cutting. From similar con~ siderations, Robertson and Wilkins (1948) washed in distilled water at 5°C for various periods pl'oil' to measUl'ing their uptake from aliquots of 15 rul of 1 % (wjv) sucrose solution. (a) 0 Fresh tissue, aliquots of 3· 95 and 3· 75 g fresh weight; 6. tissue washed 3 days. two aliquots of 3· 50 g fresh weight; 0 'tissue wa.shed 6 days, two aliquots of 3·50 g fresh weight. (b) Tissue wa.shed 10 days, two aliquots of 3·50 g fresh weight.
---Calculated loss of sucrose by respiration.
periods in excess of 100 hr before measuring the uptake of potassium chloride. The results given in Figures 2(a) and 2(b) and Table 4 show that the sucrose-uptake system in bean leaves differs from the salt-uptake system of storage tissue in that fresh tissue has the most active uptake. Tissue 3 days old took up sucrose against -a concentration difference, but more slowly and to a lesser extent than fresh tissue, Tissue 6 days old still showed a linear phase of uptake, indicating that the non-osmotic mechanism was still operating, but it was not capable of uptake against the concentration difference. The final concentration of sucrose inside the tissue 10 days old was less than the outside concentration and the appearance of a linear phase during uptake was caused entirely by the loss of sucrose by respiration; these observations indicate that the non-osmotic uptake mechanism had broken down. Therefore fresh tissue was used in all subsequent experiments;
VI. EFFECTS OF INHIBITORS ON UPTAKE: RESULTS AND DISCUSSION
Metabolic inhibitors have been used to distinguish between osmotic and nonosmotic uptake mechanisms (Bogen 1956 ). Bieleski (1960) reported that the uptake of sucrose by tissue from immature internodes of sugar cane was stopped by ~olar concentrations of azide and of cyanide. Figure l(a) shows that these reagents have a similar effect on bean leaf tissue.
The uptake of sucrose by tissue from immature internodes of sugar-cane was stopped by 10-'M 2,4-dinitrophenol (DNP) (Bieleski 1960) , and the uptake of potassium chloride from 0 ·05M solution by carrot root tissue was inhibited 67% by 2·8 X lO-'M DNP*. The non-osmotic uptake of sucrose by bean leaf tissue was inhibited 55% by 2·4 X 10-'" DNP, as shown in Figure 3 . This figure also shows that the initial rapid uptake of sucrose was not inhibited by DNP, consistent with the hypothesis that this uptake is of the osmotic type.
Phlorizin is known to inhibit uptake of glucose from the glomerular filtrate by kidney tissue, and at concentrations of 1O-4M it strongly inhibits the uptake of glucose by human erythrocytes (LeFevre 1954). In our experiments phlorizin at this concentration had no effect on the uptake of sucrose by bean leaf tissue (see Fig. 3 .) Similar results with immature internodes of sugar-cane were obtained by Bieleski * Calculated from the data of Robertson, Wilkins, and Weeks (1951) as follows:
({control rate-inhibited rate) X IOO}/control rate. (1960) . At higher concentrations. phlorizin inhibited sugar uptake by sugar-cane tissue (Bieleski 1960) and by Beenedesmw (Taylor 1960) ; at these higher concentrations phlorizin may inhibit enzymes that transfer phosphate (quoted by Dawson et al. 1959) .
The non-osmotic sucrose-uptake mechanism in bean leaf tissue is therefore similar to other non-osmotic uptake systems in plants and animals in that it is sensitive to some metabolic inhibitors but differs from the non-osmotic sugar uptake mechanisms in animals in being insensitive to 1 O-~ phlorizin. Because the effects of buffers on the uptake system were not known, the inhibitors were used without pH adjustment. Consequently, the results on the extent of inhibition are unlikely to be quantitatively reliable. This ,,,ill not, however, affect the general conclusion on the non-osmotic nature of the uptake, as the inhibition experiments provided clear qualitative evidence.
It is believed that the techniques described in this paper provide a valid method for studies of the uptake of sugar by leaf tissue, the mechanisms of which will be discussed in later papers.
